pulse intravenous injection of glucose show an early rise, which declines towards the prestimulation level smoothly. This pattern is the effect of both continuing secretion and hormone disappearance from the plasma. To reconstruct the time-course of the actual secretory response, we measured insulin disappearance from the plasma of 17 healthy volunteers by means of a bolus intravenous injection of 1251-insulin, and then performed an intravenous glucose tolerance test with frequent blood sampling. The data were analyzed by deconvolution, which made it possible to compute the glucoseinduced posthepatic insulin delivery rate minute by minute.
pulse intravenous injection of glucose show an early rise, which declines towards the prestimulation level smoothly. This pattern is the effect of both continuing secretion and hormone disappearance from the plasma. To reconstruct the time-course of the actual secretory response, we measured insulin disappearance from the plasma of 17 healthy volunteers by means of a bolus intravenous injection of 1251-insulin, and then performed an intravenous glucose tolerance test with frequent blood sampling. The data were analyzed by deconvolution, which made it possible to compute the glucoseinduced posthepatic insulin delivery rate minute by minute.
Under basal conditions, 2.64+0.28 (mean±SEM) mU/min m2 reaches the systemic circulation. In the 90 min that follow acute glucose stimulation, 0.86+0.11 U/M2, a 270% increment over the basal production rate, is made available to the periphery. A wide individual variability was found to exist in both the basal and the glucose-stimulated delivery. They were strongly (P < 0.001) related to each other in a direct fashion.
A first spike of insulin release (107+12 mU/min) occurred in all the subjects at 2.2+±0.2 min followed, in 16 subjects, by a second spike (38+6 mU/min), at 11.3+0.9 min. Two-thirds of the total postglucose insulin output were associated with the initial, oscillatory phase (from 0 to 25 min, on average), and one-third with the "tail" phase (from 25 to 90 min), during which the average delivery rate was 5.0+0.9 mU/min m2.
The delivery curves were closely (mean squared deviation of4.5+0.5 mU/min) reproduced by computer simulation upon assuming that insulin secretion is a function of both glucose concentration and glucose rate of change.
INTRODUCTION
The intravenous administration of glucose is widely used to test the effect of hyperglycemia per se on insulin secretion, and, in turn, the contribution of insulin secretion to glucose tolerance (1) . In fact, when glucose is ingested, neural factors and gastrointestinal hormones (2, 3) interfere with the glucose-insulin feedback loop.
Prolonged glucose infusion in man gives rise to a biphasic insulin response (4) . This response has been extensively studied both in vivo (5, 6) and in the perfused rat pancreas preparation (7) , and hypotheses on the structure of the secretory system of the 8-cell have been put forward (5, 6, 8) . When glucose is given intravenously as a short injection, a quick rise in plasma insulin concentration is found in the normal subject, presumably representing the discharge of an acutely releasable pool (5) . The magnitude of this early response, which is related to the amount of glucose administered (9) , is reputed to be an important determinant of glucose tolerance, measured as the plasma glucose disappearance rate (9, 10) . After the initial peak, the glucose-stimulated insulin levels fall back to basal with an average half-time of m30 min ( this continued secretion, and (c) what are its effects on glucose disappearance from plasma.
To answer these questions, we used deconvolution analysis (11) , by which the postglucose insulin concentration curve, sampled at frequent intervals, and the plasma insulin disappearance curve, measured in the same subject by means of 1251-insulin, are used to compute the insulin delivery rate function minute by minute. In fact, rapid changes in the delivery rate may be smoothed out by the delay introduced by the distribution and clearance of plasma insulin. The features and limitations of this approach have been presented in detail elsewhere (12) . In this paper, we report the results obtained in a group of 17 (Table I) . They had negative family histories of diabetes mellitus, and their oral GTT (100 g) was within the normal limits (13) . They consumed the average Italian diet (43-48% carbohydrate, 12-17% proteins, and 35-40% fat), and were instructed to maintain normal food intake and activities for 3 d before the study. They were taking no medication and had had no recent change in body weight. All subjects gave informed consent to the study.
Experimental protocol. The studies were performed in the sitting position, at 9 a.m., after an overnight fast. Thyroid uptake had been previously blocked by oral administration of saturated potassium iodide. A plastic cannula was inserted
IAbbreviations used in this paper: BIDR, basal insulin delivery rate; GTT, glucose tolerance test(s); ivGTT, intravenous GTT; ivGTT-ID, insulin delivered during ivGTT; IRI, immunoreactive insulin; KG, plasma glucose fractional disappearance rate(s); MCR, metabolic clearance rate. (14) , as modified by Citti et al. (15) . Purification and characterization of the tracer was performed as previously described (16) . Subjects 1-6 received a tracer having an 8-10 mCi/mg sp act; in the remaining subjects, a tracer with much higher (100-200 mCi/mg) specific activity was used for injection. The two mixtures showed identical kinetics (16) . In all cases, the tracer was used within 24 h of preparation.
Analytical p'rocedures. Immunoprecipitable radioactivity was measured in triplicate by a modification (16) 
where MCR is the metabolic clearance rate, BIDR is the basal insulin delivery rate to the systemic circulation, and ivGTT-ID is the total amount of insulin delivered during the ivGTT.
If it is assumed that both D(t) and I(t) return to their respective base-line level by the end of the experimental period (90 min), integration of Eq. 1 will give the following equation:
(90 ivGTT-ID = MCR J I(t)dt 0 (6) in which the total amount of insulin delivered in 90 min can also be estimated from the insulin area-under-curve (inclusive of the basal insulin level), and the MCR. The main oscillations in the insulin delivery rate curves were identified as follows: a peak of insulin secretion was considered to have occurred when the delivery rate rose in two or more successive time intervals, and the difference between the peak value and the preceding minimum was at least 4 mU/min. This threshold is arbitrary; it corresponds, for a MCR value of 800 ml/min, i.e., the normal average value (16, 21) , to a difference in plasma insulin concentration of 5 ,uU/ml. This is equivalent to assuming that the plasma insulin was measured with an error of 5 ,±U/ml, which is 25% of the mean postglucose insulin concentration found in our subjects, and is more than three times greater than the experimental within-assay relative insulin error (7%). This criterion is restrictive, if compared, for example, with the widely adopted (22) criterion that uses the cumulative standard deviation of the measurements as the threshold. However, this restriction was felt to be suitable, because the oscillations in insulin delivery usually occur early (within 25 min ofglucose injection), when insulin levels are still high.
Simulation of the insulin delivery functions was performed by assuming that the insulin delivery rate depends upon plasma glucose through both a derivative and a (so-called) proportional action. These actions are each weighted for the coefficients CD and CP, respectively, according to the following equation:
Ds(t) = CD*G'(t)*kle-klt + CP-Ghm(l + tanh S[G(t)*k2e-k2f -Ghm]) (7) where G(t) is the plasma glucose concentration, G'(t) is its derivative, k, = 0.693/half-time 1, and k2 = 0.693/half-time 2 are the slopes of the time lags applied to G'(t) and G(t), respectively, and Gh. Plasma glucose fractional disappearance rates (KG) were computed by linear regression analysis of the natural logarithms ofplasma glucose concentration, over the indicated time interval. Glucose mean time was calculated in the same way as the mean time of insulin delivery (Eq. 5). Glucose and insulin area-under-curve were computed by trapezoidal integration of the respective incremental values over the fasting level.
All calculations were done with the aid ofa digital computer.
RESULTS
Insulin delivery curve. The mean insulin concentration curve is shown in Fig. 1 ; the individual values of the insulin area-under-curve are given in Table II . Fig. 2 shows the average plasma disappearance curve of 125I-insulin. The mean and the scatter of the MCR values calculated from the individual 1251-insulin decay curves (Table II) (Table II) , showed a wide dispersion (coefficient of variation = 45%), indicating that normal subjects in the postabsorptive state need very different amounts of insulin to maintain similar glycemic levels (fasting plasma glucose was 77± 10 mg/100 ml, mean± SD). Likewise, the ivGTT-ID showed a high degree of individual variability (coefficient of variation _50%). Fig. 3 shows a typical insulin delivery rate curve, computed from the insulin concentration and the plasma 125I-insulin disappearance curve by means of deconvolution. An oscillatory pattern, with two or three spikes of insulin secretion, occurred in the first 25 min after the acute glucose stimulation; this pattern was followed by a phase during which insulin release returned smoothly towards the basal levels. It was noteworthy that this pattern was maintained despite the fact that the total amount of hormone secreted by our study subjects in response to the glucose stimulus varied over a six-to sevenfold range. Table III summarizes the results ofthe resolution ofthe individual insulin delivery rate curves, performed according to the criteria defined in Methods. A first peak of insulin delivery, occurring 2.2±0.2 min after glucose injection, and lasting 7±0.6 min, was found in all the subjects. Because zero time was taken to be about 1 min on average after the start of glucose injection, the first peak time was actually 3.2 min. By taking into account the delay introduced by the circulation times (vis-a-vis glucose to pancreas, and insulin to posthepatic veins [23] ) it can be estimated that the maximal response of the ,8-cell to glucose occurs in <1 min, in accord with this plot, a "phasic" pattern is still recognizable, even though the time averaging has obviously smoothed out the individual oscillations that were not in-phase. The mean time, or center of gravity, of the insulin delivery functions, which is an index of the relative time distribution of insulin output, was found to be 24 min on average (Table II) , ranging from as little as 6 min to over 30 min. Indeed, about two-thirds of the insulin released was concentrated in the first 25 min after the glucose challenge, regardless of the total Insulin Delivery after Intravenous Glucose 247 ,2 J amount of insulin produced during the Whole test. Correspondingly, no correlation was found to exist between ivGTT-ID and the mean time of the insulin delivery curves. In contrast, the basal delivery rate and the overall glucose-induced insulin production were found to be highly significantly associated in a positive manner (Fig. 5) .
Glucose curve. The mean plasma glucose concentrations at the sample times are reported in Fig. 1 . In some subjects, the decline in plasma glucose during the first 15-20 min was markedly irregular (e.g., Fig. 3 ). This behavior is also visible in the mean curve (Fig. 1) . The 3-to 5-min increment in plasma glucose over the fasting level was 175 mg/100 ml on average, with a variation coefficient of -20%, which suggests that the initial distribution volume of the injected glucose did not vary much in this group of subjects. When plotted in semilogarithmic scale, the time-course of plasma glucose concentration was not monoexponential. In a first approximation, a faster slope followed the initial peak value for about 25 min; the glucose then declined at a slower rate. The KG values computed between 3 and 25 min after injection (2.21±0.16%/min) were thus significantly (P < 0.01) higher than those computed between 25 and 90 min (1.00±0.07%/min). The KG commonly used in the evaluation of the ivGTT, i.e., those computed between 10 and 30 min (9), and between 10 and 60 min (2), differed significantly (P < 0.05) from each other (Table  IV) . Generally, it was found that the greater the distance between the starting point of interpolation and the injection time, the lower the KG value (e.g., KG10-40 (Table IV) curve, were both found to be best correlated (r 2 -0.76, P < 0.001) with the KG computed from 10 to 40-60 min.
This means that those curves which fall more steeply during this time interval are associated with lower overall increments of plasma glucose over the fasting level during the test. In addition, the glucose decay rate between 40 and 90 min was inversely correlated (r = 0.60, P < 0.01) with the glucose area. This consistently indicates that those curves which had fallen to lower concentrations within about 40 min ofinjection showed a slower decline thereafter, whereas, if plasma glucose were still relatively high at that time (greater glucose area), then the following decrease rate was relatively accelerated. An interesting finding was that the fasting glucose level and the glucose disappearance rate from 3 to 25 min after injection were significantly correlated (r = 0.59, P < 0.05) in a reciprocal manner.
Relationship between plasma glucose and insulin delivery. Simulation of ivGTT-ID was attempted with an equation (Data analysis) in which the insulin delivery rate is a function both of glucose concentration and of glucose rate of change. To fit the data satisfactorily, this simple dependence had to be modified in the following way. First, it was assumed that insulin secretion is related to plasma glucose concentration (proportional action) according to a sigmoidal function (Fig. 6) . Second, both the derivative and the proportional control were lagged by a suitable time to account for the fact that insulin secretion responds to glucose with some delay, and that arterial plasma glucose is reflected with a time shift on the venous side of the circulation. Fig. 7 shows an example of this simulation. It can be seen that the derivative control is quantitatively predominant in the first 10 min after injection, whereafter it becomes mostly negative, thus bringing about an inhibitory effect. Such rate-sensitive control also accounts for the secondary oscillations in insulin secretion observed between 6 and 25 min, because during this time interval plasma glucose often shows fast changes in slope. This phenomenon has been observed when continuously monitoring plasma glucose during ivGTT (25) . The proportional action, in contrast, takes the form of a plateau, which declines slowly and regularly, and accounts for most of the secretion occurring from 10 min until the end of the experiment, when the contribution of the derivative action tends to be nil. Table V summarizes the results of the simulation in our group of subjects. The lags of the two actions were comparable, and the coefficient for the derivative term was, on average, 15 times greater than that of the proportional term. In Fig. 6 , the relationship between insulin release and plasma glucose concentration was
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E. Ferrannini and A. Pilo Table V . It can be seen that the function tends asymptotically to CP-Ghm-2 = 40.0 mU/min, and that its maximal derivative is CP-Ghm S = 0.4 mU-100 ml/min -mg, when G(t) is equal to Ghm.-is linear between 100 and 200 mg/100 ml, and practically saturated for concentrations >300 mg/100 ml. In the range of the low glucose concentrations (60-100 mg/100 ml), the insulin secretory system is relatively less sensitive. In addition, on the same graph, the mean fasting glucose level of our subjects (77 mg/100 ml) corresponds to an insulin delivery rate of2.7 mU/min, a value comparable to the experimentally observed mean value for BIDR (4.2 mU/min, Table II) .
Relationship between insulin delivery and plasma glucose disappearance. The relation of insulin response in its various phases to plasma glucose disappearance was examined by correlation analysis. The results are schematized in Table VI . Both of the two main spikes of insulin delivery were found to be significantly correlated with the KG computed between 10 and 60 min, and with the glucose area. This dependence was true of the maximal (r = 0.49, P < 0.05, and r = 0.60, P < 0.05, for the first and the second peak, respectively) as well as the average delivery rate (Table VI) . In contrast, the KG calculated between 40 and 90 min was directly correlated with the tail phase, and inversely correlated with the two initial peaks of insulin delivery.
When insulin response was evaluated as the average plasma insulin concentration during the time intervals '. the two curves in the Therefore, a frequently sampled plasma insulin conulin secretion induced centration curve can be deconvolved by the tracer and the proportional disappearance curve to yield the posthepatic delivery ontrol is the numerical rate of the hormone. The posthepatic delivery, in turn, weightingg cebffi half can be used to estimate pancreatic secretion if account rol is the hyperbolic is taken of the interposition of the liver. In this regard, ncentration, lagged by there is ample evidence to show that the liver removes by 0.08. Data is from approximately one-half of the pancreatic insulin at each transhepatic passage (27) and delays the hormone transit only minimally (28). However, it is still conry phases, the same troversial whether insulin extraction by the liver When the delivery remains constant at insulin levels close to the upper e normalized by the bound of the physiological range (29) (30) (31) . Thus, from ng plasma insulin, the computed posthepatic delivery curves, insulin ofthe KG computed secretion can be estimated by applying a scale factor, he early spikes of equal to the reciprocal of hepatic extraction, on the The above estimates can also be derived from the product of the postglucose insulin area by the MCR of insulin, with reasonable certainty (Data analysis and [12] ). Therefore, the principal advantage of the deconvolution approach appears to be that of defining the time-course of insulin secretion in a reliable manner. Although the delivery curves were smoothed by a control algorithm based on the estimated error of the insulin concentration curve (12) , it is nevertheless possible that some of the smallest pulsations recorded were computation artifacts. Conversely, some highfrequency secretory events could be lost to the smoothing. However, the general pattern of the insulin response to acute glucose stimulation, as is described here, is well defined, and common to the majority of subjects. Furthermore, the amounts ofhormone released during the various phases are estimated with even better determinacy, because the integrals of the delivery curve are scarcely affected by the assumed error of the insulin assay (12) .
The data presented here demonstrate that, in response to a rapid glucose infusion, insulin secretion quickly rises to a maximum which, in most of the cases, is followed by one or two other distinct secretory pulsations, lasting until about 25 min after injection. A multiphasic response to acute glucose injection has also been suggested from direct measurements in the portal vein of humans (33) , even within the short period of observation (15 min) employed. The amount of hormone outpoured during the phase (2-25 min on average) in which such secretory spikes occur, makes up for over two-thirds of the ivGTT-ID. In the subsequent period (25-90 min) , insulin release usually returns smoothly to the prestimulation rate. A built-in feature of the glucose-induced insulin response is that higher basal production rates are associated with higher glucose-stimulated rates (Fig. 5) . The relative time distribution of insulin, as reflected in the mean time of the delivery curve, is independent of the "set point" of the secretory machinery, which, as previously noted, appears to be established by the individual sensitivity to insulin action.
In considering the causes of the observed, multiphasic pattern of hormone discharge, we thought it would be pertinent to attempt to relate insulin release to plasma glucose, as neural or gut factors (2) or counterregulatory hormones (34) are normally not involved in the ivGTT. We found that, assuming insulin secretion depends upon glucose concentration as well as on glucose rate of change (35, 36) , the delivery pattern during ivGTT in the normal subject could be simulated with very good approximation (within 4.5 mU/min on average). The inclusion ofa ratesensitive element was needed to reproduce the multiphasic characteristic of the insulin response, and a nonlinear (sigmoidal) dependence of secretion upon glucose level gave a much better fit than a linear control. It should be observed that a nonlinearity can also be incorporated into the derivative element. This nonlinearity, which has been suggested by recent experimental work (35) , would avoid the negative values for insulin secretion that are generated when glucose falls very quickly. The resulting relationship would then be the same as that used to govern insulin infusion with the artificial endocrine pancreas (37, 38) . However, because in our observations in no case did we obtain negative values for insulin release, we adopted a simpler equation, with fewer parameters to be adjusted. Of note is that the mean ratio of the derivative to the proportional part, found in our subjects, Insulin Delivery after Intravenous Glucose is in agreement with the in vivo data of Kawamori et al. (39) . These investigators performed ivGTT in depancreatized dogs in which insulin was replaced by means of an artificial ,-cell with an algorithm similar to ours. They found that the use of ratios between 10 and 20 induced normal glucose curves, minimized the insulin requirement, and prevented hypoglycemia. In these instances, the reported insulin infusion patterns were remarkably similar to the delivery curves of our subjects.
It must be emphasized that the relationship derived in this study is empirical, and does not represent a general model for insulin secretion. In fact, no hypothesis has been made for the structure of the secretory system, which is generally (5, 7, 40) , ifnot unamimously (6) , believed to be compartmentalized and sensitive to stimulation with a threshold distribution (7). Consequently, this relationship cannot predict the response to different formats of stimulation (prolonged glucose infusion, sequential pulses, etc.) because known phenomena such as potentiation (41) , and attenuation of rate sensitivity (35, 40) , are not featured. In all likelihood, these latter processes cannot be reliably identified if only the response to a single rapid glucose stimulus (ivGTT) is analyzed (42) . Nevertheless, the observed coupling of insulin delivery to glucose behavior, even when using a simplified relationship, confirms the physiologic nature ofthe pattern of insulin response to pulse glucose injection, as defined in these studies.
With regard to the effect of glucose-induced insulin release on the disappearance of injected glucose from plasma, a direct relationship between the early insulin response and glucose decay rate has been repeatedly reported (9) (10) (11) 36 ). Reaven and Olefsky (43) , on the contrary, did not confirm this observation, as they only found a significant correlation between KG and the plasma insulin value at 10 min. This controversy is probably fueled by differences in the experimental protocol (dose and mode of glucose administration, sampling times, etc.) as well as in the analysis of the results (time interval over which the KG is computed, evaluation of the acute insulin response, etc.). Therefore, we sought correlation between two indices of plasma glucose behavior (the KG and the glucose area) and various estimates of the insulin response (maximal rate, average rate, and average concentration). Several time intervals were used for the calculation of KG, whereas the timing of insulin release was judged both by individual peak analysis and by splitting the response into fixed intervals (0-7, 7-18, and 18-90 min). By all the methods, the KG,-,60 and the glucose area, which is its best correlate, were found to be significantly influenced by both of the two main pulses of insulin output that occur during the first 25 min of the test.2 These correlations were modest. However, it could be surmised that differences in the individual sensitivity to insulin would obscure the relationship between insulin output and glucose assimilation. We therefore attempted to reduce the variability of the insulin response by normalizing the insulin outputs by the basal secretion. The rationale for this manipulation is that the stimulated response (ivGTT-ID) is strongly related to the BIDR, which suggests that, in the same person, insulin sensitivity is the same in the fasting and in the stimulated condition. Upon applying this correction, the dependence of glucose disappearance upon acute insulin response was generally strengthened, without changes in the pattern of the correlations (Table VI ). Thus, it seems possible to conclude that the insulin secretion occurring early (within 25 min) after the stimulus, in the form of discrete bursts, determines (by-60%) the disposal of an intravenous glucose load. This action, presumably exerted through changes in insulin concentration, does not usually become evident before 15-20 min after stimulation, because the plasma glucose decay rate at early times (3-15 min) is independent of the ongoing insulin release. This time shift is likely to reflect the delay in insulin action, in accordance with direct estimates (44) .
Our analysis also indicates that glucose disappearance does not correlate with the total insulin output during the test. This finding has been reported by others (43) . An explanation can be inferred from the following results: (a) the early (10-30 min) and the late (40-90) KG are inversely related to each other; and (b) the KG40,90 is positively correlated with the fractional output of the tail phase, but inversely related to those of the two peaks. Thus, it can be thought that, if plasma glucose is still relatively high by 25 min, continued stimulation of insulin release is prompted, which results in a surplus of hormone having only little additional effect on the glucose disposal rate between 10 and 60 min. This late secretion, at any rate, will eventually influence glucose clearance from plasma at corresponding times. The rapid insulin discharge can thus be viewed as the attempt to overcome brisk hyperglycemia by means of a "primed" response (45) , analogous with what has been described with the artificial pancreas (46, 47) . When this prompt delivery succeeds in bringing plasma glucose back to normal, secretion also returns to prestimulation levels (or below); otherwise, both the glucose and the insulin curve will be prolonged. 2 Estimating the acute insulin response as in (9) (mean incremental insulin between 3 and 5 min) or as in (43) (sum of the absolute insulin concentrations at 1, 3, and 5 min) did not change the result.
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E. Ferrannini and A. Pilo This coupling is reflected in the strong, positive correlation that was found to exist between the mean times of the two curves. It should be borne in mind that this description, though consistent, is largely based on correlations, and bears on the special situation in which an acute glucose load is given by vein. Furthermore, the problem remains of explaining the behavior of plasma glucose concentration during the 10-15 min that follow glucose injection. If it is presumed that, during this time, glucose-induced insulin secretion has not yet displayed its full action, then conceivable factors affecting glucose levels are: mixing and distribution of the injected load, renal spill-over, endogenous glucose production, glucose uptake by insulin-independent tissues, and glucose uptake mediated by basal insulin secretion. Our data provide no information as to how these disparate processes contribute to the irregular glucose profile frequently seen in normal subjects. The observed reciprocal relationship between this early glucose slope and fasting plasma glucose, which is a tightly controlled variable (48) , lends itself to some conjecture on the role ofglucose clearance in regulating basal plasma glucose level.
